abstract: Reinforcement can contribute to speciation by increasing the strength of prezygotic isolating mechanisms. Theoretical analyses over the past two decades have demonstrated that conditions for reinforcement are not unduly restrictive, and empirical investigations have documented over a dozen likely cases, indicating that it may be a reasonably common phenomenon in nature. Largely uncharacterized, however, is the diversity of biological scenarios that can create the reduced hybrid fitness that drives reinforcement. Here I examine one such scenario-the evolution of the "selfing syndrome" (a suite of characters including reductions in flower size and in nectar, pollen, and scent production) in highly selfing plant species. Using a fourlocus model, where the loci are (1) a discrimination locus, (2) a targetof-discimination locus, (3) a pollen-production locus, and (4) a selfing-rate locus, I determine the conditions under which this syndrome can favor reinforcement, an increase in discrimination through change at locus 1, in an outcrossing species that experiences gene flow from a highly selfing species. In the absence of both linkage disequilibrium between loci and pollen discounting, reinforcement can occur, but only in a very small fraction of the parameter combinations examined. Moderate linkage (r p 0:1) between one pair of loci increases this fraction moderately, depending on which two loci are linked. Pollen discounting (a reduction in pollen exported to other plants due to increased selfing), by contrast, can increase the fraction of parameter combinations that result in reinforcement substantially. The evolution of reduced pollen production in highly selfing species thus facilitates reinforcement, especially if substantial pollen discounting is associated with selfing.
Sewall Wright and Speciation
As this contribution is associated with the Sewall Wright Award, a few comments are appropriate on the relationship between the topic of this contribution-reinforcement and, more generally, speciation-and Wright's work in this area. Wright is most famous for his theoretical contributions to our understanding of population genetic processes acting within populations (summarized in Wright 1968 Wright , 1969 Wright , 1977 Wright , 1978 . By contrast, Wright wrote only four papers devoted specifically to the topic of speciation (Wright 1940a (Wright , 1940b (Wright , 1982a (Wright , 1982b . In these papers, which contained largely nonmathematical arguments, he was concerned primarily with explaining how populations diverged sufficiently to become different species, rejecting mutation pressure and neutral processes in favor of Fisherian mass selection and his own shifting-balance theory. Curiously, however, even though he accepted the biological species definition (Wright 1978 (Wright , 1982a (Wright , 1982b , with one exception, he wrote little about how reproductive isolation evolves. He appears to have felt that isolation generally accompanied divergence (Wright 1940a (Wright , 1978 (Wright , 1982a (Wright , 1982b , though it is unclear whether he thought this idea pertained equally to both prezygotic and postzygotic isolation. The exception was chromosomal speciation, particularly the notion that chromosomal rearrangements contribute to hybrid sterility. Because the evolution of isolation associated with rearrangements requires a population to pass through an adaptive valley, Wright invoked his shiftingbalance theory to explain how this might occur (Wright 1940a (Wright , 1941 (Wright , 1978 (Wright , 1982a (Wright , 1982b . Nevertheless, even though Wright did not consider in detail other types of isolating mechanisms, according to Provine (1986 ), Wright's discussions of peak shifts giving rise to new species greatly influenced the thinking of Ernst Mayr and Hampton Carson about founder-effect speciation.
Wright also seems to have accepted the idea that reduced fitness of hybrids could select for increased isolation to reduce or prevent maladaptive hybridization (Wright 1978 (Wright , 1982a , a process that we now call reinforcement, but he did not elaborate on it. Moreover, he did not make the distinction as to whether the increased isolation was pre-or postzygotic, even though as early as 1940 Dobzhansky had clearly described in this journal that reinforcement would involve primarily prezygotic isolation ("Where hybridization jeopardizes the integrity of two or more adaptive complexes, genetic factors which would decrease the frequency or prevent the interbreeding would thereby acquire a positive selective value"; Dobzhansky 1940, p. 316) .
It is also curious that Wright did not focus his mathematical talents on modeling various aspects of speciation. For example, Bateson (1909) , Dobzhansky (1936) , and Muller (1940 Muller ( , 1942 had early on outlined the now-familiar BDM model for the evolution of postzygotic genetic incompatibilities. It is not clear why Wright did not seize the opportunity, taken by a later generation of theoreticians (see Coyne and Orr 2004 and Gavrilets 2004 for reviews), to provide formal models of this process, especially since the BDM model involves epistatic interactions among loci (a feature on which his shifting-balance theory is based) and since his own idea of a selective surface (or adaptive landscape) can clarify some of the relationships among these models (Gavrilets 2004) . Similarly, modeling of reinforcement has greatly helped in understanding the conditions under which this process can occur (Servedio and Noor 2003) , yet Wright also passed up the opportunity to explore this facet of speciation. Perhaps there is just so much that one person can accomplish in a lifetime, even a person as prodigiously talented and insightful as Sewall Wright.
Introduction
Reinforcement, selection for increased prezygotic isolation generated by reduced fitness of hybrid offspring between two nascent species, has historically been a controversial topic. Originally proposed by Dobzhansky (1940) in this journal to explain the evolution of sexual isolation between species, it was met with skepticism for several decades, both because there were few convincing examples and because early models suggested that the conditions under which it could occur were highly restrictive (Butlin 1987) . In recent decades, however, a plethora of new models have demonstrated the feasibility of reinforcement, and good examples of the process have accumulated (Servedio and Noor 2003; Ortiz-Barrientos et al. 2009; Hopkins 2013) . At this point, therefore, the questions of whether and, to some extent, how frequently reinforcement occurs have been settled. Nevertheless, questions about the details of how reinforcement operates remain (Ortiz-Barrientos et al. 2009 ).
One such question is what types of ecological situations can generate the reduced hybrid fitness that drives reinforcement. Traditionally, reduced fitness has been ascribed to intrinsic genetic incompatibilities that produce either hybrid inviability or hybrid sterility (Servedio and Noor 2003) . However, it is also possible that reduced hybrid fitness may arise from extrinsic, divergent ecological adaptations that, when combined in hybrids, make them unfit in the habitat of either parent (Rice and Hostert 1993; Coyne and Orr 1998; Schluter 1998; Kirkpatrick 2001; Servedio and Noor 2003; Presgraves 2010) . Identification of the range of situations in which such extrinsic hybrid incompatibilities may drive reinforcement remains a largely unaddressed issue. Here I analyze the potential for one such type of incompatibility to give rise to reinforcement: reduced pollen production in highly selfing plant species.
One of the most common evolutionary transitions in flowering plants is the shift from outcrossing to selfing (Stebbins 1974; Barrett 2002; Goldberg et al. 2010) . Accumulating evidence suggests that this shift can result directly in the evolution of both pre-and postzygotic isolation, and hence speciation, between a newly evolved selfer and its outcrossing progenitor (Wright et al. 2013) . Theoretical studies even suggest that the evolution of selfing can be driven by reinforcing selection that arises because hybrids between nascent species have reduced fitness as a result of ecological, developmental, or morphological irregularities (Epinat and Lenormand 2009; Lenormand 2012) .
It has also been suggested that the evolution of high selfing rates may facilitate the evolution of reproductive isolation between a selfer and a closely related outcrossing species (Gottlieb 1973; Zohary 1999; Gibson et al. 2012) . For example, if a selfing species experiences an extreme bottleneck at its origin (e.g., Gottlieb 1973; Foxe et al. 2009; Bush et al. 2011) , genetic drift may cause chromosomal rearrangements and other genetic changes that result in at least partial reproductive isolation (Gottlieb 1973) . To the extent that gene flow occurs between the outcrosser and the selfer, reinforcing selection might then lead to the evolution of prezygotic isolation. In the "competition arena" model of Gibson et al. (2012) , selfing promotes local adaptation, leading to reduced hybrid fitness in the parental species' environments.
One possibility that has not previously been considered, however, is that a common property of highly selfing species may favor the evolution of this type of reproductive barrier. Highly selfing plant species commonly exhibit a "selfing syndrome" (Sicard and Lenhard 2011) , a suite of genetically differentiated characters (Fishman et al. 2002 (Fishman et al. , 2015 Georgiady et al. 2002; Slotte et al. 2012 ) that includes reduced floral size and conspicuousness, reduced nectar production, reduced anther-stigma separation, and reduced pollen production. The last trait, which Charlesworth and Charlesworth (1981) first explained presumably evolves as a result of local mate competition (Hamilton 1967; Charnov 1982) , likely reduces pollen export substantially and therefore decreases male fitness through outcrossing. In one study, obligately autogamous (but not cleistogamous) species had an average pollen/ovule ratio only 0.5% of the ratio for outcrossing species (Cruden 1977) .
Such a drastic reduction in male outcross success could be favored by selection in highly selfing species if resources saved by producing less pollen can be used to produce more selfed offspring, even if the effect on female fitness is very small. However, the offspring of a cross between such a selfer and an outcrosser will tend to produce less pollen than offspring of a cross between two outcrossers because the former would inherit alleles reducing pollen production. Intuitively, this fitness differential could drive the evolution of reinforcement mechanisms that increase discrimination by outcrossers against pollen produced by the selfers. To the extent that this is possible, the evolution of the selfing syndrome with highly reduced pollen production may facilitate the evolution of discrimination by outcrossing nascent species (hereafter "outcrossing species") against pollen produced by selfing nascent species (hereafter "selfing species") and thus facilitate speciation.
In this study, I analyze a model of reinforcement by this mechanism. While the evolution of increased selfing may also occur through reinforcement (see above), for convenience I restrict the term "reinforcement" here to mean increased prezygotic isolation that evolves by means of increased mating discrimination. As will be seen, one outcome of this model is that fixation of selfing evolves readily in this model, and I consider separately whether this outcome was driven by some form of reinforcing selection or some other selective process. This model differs from previous models of reinforcement in one important aspect: it explicitly models the evolution of the mating system (selfing rate) in addition to the evolution of the discrimination against heterospecific gametes that constitutes reinforcement. Gene flow from a selfing species into an outcrossing species introduces alleles that increase the selfing rate. To the extent that such alleles are favored, one possible outcome is mating-system evolution in the outcrossing species. If selfing becomes fixed, the disadvantage of reduced pollen production is eliminated, and selection for reinforcement in the form of increased mating discrimination disappears. Thus, reinforcement and matingsystem evolution are potentially competing processes, and it is unclear how this competition affects the likelihood of reinforcement.
Using the model, I address the following questions: (1) Can this mechanism lead to reinforcement, that is, are there parameter combinations for which an allele causing discrimination against heterospecific pollen will increase in frequency in the outcrossing species? (2) Can such an allele become fixed? (3) How likely is the evolution of reinforcement, that is, what proportion of parameter space corresponds to the evolution of reinforcement? (4) How does mating-system evolution influence the evolution of reinforcement? and (5) What conditions facilitate the evolution of reinforcement? Conditions considered include the degree of pollen reduction in the selfing species; costs of pollen production; amount of pollen flow; strength of discrimination; pollen discounting; degree of dominance at loci affecting discrimination, the target of discrimination, the mating system, and pollen production; and linkage among these loci.
The Models

Biological Elements of Main Model
The model is based on biology reflected by two closely related species, Ipomoea lacunosa, which is highly selfing, and Ipomoea cordatotriloba, which is predominantly outcrossing (Duncan and Rausher 2013) , though there are many similar pairs of species in other genera and families (e.g., Ennos 1981; Parker et al. 1995; Martin and Willis 2007; Foxe et al. 2009; Bush et al. 2011; Briscoe Runquist et al. 2014; Fishman et al. 2014; Grossenbacher et al. 2016) . I assume that the selfing species evolved through allopatric divergence from the outcrossing species and exhibits the typical selfing syndrome, including a selfing rate of essentially 1 and greatly reduced pollen production, but that pollen can still be removed by pollinators. Any foreign pollen, however, is assumed to be unsuccessful for any of a number of possible reasons (e.g., strong self-pollen priority, blockage of incoming pollen by clustering of anthers around the stigma, prior evolution of barriers to foreign pollen). Because I want to examine just the effects of reduced pollen production in hybrids on reinforcement, however, I assume that no postzygotic isolation has evolved.
After divergence, the two nascent species come into secondary contact. In this situation, because of the above assumptions, any pollen flow between the nascent species is only from the selfer to the outcrosser. In this aspect, the model is similar to traditional continent-island models of reinforcement, in which gene flow is in only one direction (Servedio and Kirkpatrick 1997; Servedio 2000) .
My approach to understanding how likely it is that reinforcement will occur is to determine for what proportion of parameter space reinforcement occurs (e.g., Servedio and Kirkpatrick 1997; Servedio 2000) . If only a small portion of parameter space is conducive to reinforcement, I would conclude that reinforcement by this mechanism is unlikely to occur in nature, as long as all parameter combinations are equally likely to occur in nature (but see "Discussion"). Conversely, if a large portion of parameter space leads to reinforcement, I would conclude that conditions for reinforcement are not unduly restrictive and that one might therefore expect that this mechanism may operate in nature. In this context, I analyze the model outcome for all combinations of parameter values in a seven-dimensional parameter space, with values of each parameter more-orless regularly spaced along a continuum of biologically reasonable values. The proportion of all outcomes that yield reinforcement is thus an indicator of the proportion of the parameter space examined that is conducive to reinforcement. I also assess whether, for individual parameters (focal parameters), different values are more or less conducive to reinforcement, using two methods. First, I hold all other parameters constant and ask whether increasing the value of a focal parameter increases, decreases, or does not change the extent to which reinforcement evolves. Second, I compare the proportions of outcomes yielding reinforcement for different values of the focal parameter. For example, to determine whether increased gene flow affects the likelihood of reinforcement, I ask whether increased gene flow expands or contracts the region of parameter space in which reinforcement occurs. I therefore determine whether expansion or contraction occurs by asking whether the set of combinations of other parameters that yield reinforcement for one value of the focal parameter represents a subset of the combinations for the other value of the focal parameter.
Following Servedio (2000) , I consider reinforcement to have evolved if an allele conferring mating discrimination against pollen from the selfing species increases in frequency, specifically to a value of 0.1 or more. If it rises to a value of 0.95 or more, I consider complete reinforcement to have occurred with respect to this allele (this does not mean that the species are completely isolated, because the allele may not completely prevent interspecific matings). By contrast, if it does not rise to this value, I consider partial, or incomplete, reinforcement to have occurred. While a value of 0.1 may seem an arbitrary criterion for reinforcement, I also provide information on conditions for which that allele becomes fixed (rises to a frequency of at least 0.95), as well as histograms of the proportion of outcomes for which the frequency exceeds a given value. Readers may thus evaluate my analyses and conclusions on the basis of whatever criterion of reinforcement evolution they favor.
Genetic Elements and Parameters of Main Model
The model is a diploid model with four loci, each with two alleles (table 1): (1) The first is a discrimination locus, A. This locus interacts with a second locus, the target locus, to determine the degree of discrimination against certain pollen genotypes. (2) The second is a target locus, B. I assume that this locus has diverged between the selfing species (fixed for allele b) and the outcrossing species (fixed for allele B). Pollen of genotype B is always accepted by all individuals. Pollen of genotype b is always accepted by aa individuals but is accepted with probabilities v 1 and v 2 by AA and Aa individuals, respectively. Because I assume v 2 ≥ v 1 , the degree of discrimination among A-locus genotypes is AA ≥ Aa 1 aa. (3) The third is a pollen production locus, C. Relative to CC individuals, Cc and cc individuals produce g and b as much pollen, respectively (g, b ! 1; b ≤ g). (4) A mating-system locus, D, determines whether an individual is an outcrosser (DD; selfing rate ≡ s p 1) or a selfer (dd; s p 0) or has an intermediate selfing rate (Dd; 0 ≤ s ≤ 1). Because there are two alleles at each of four loci, there are 16 possible gamete genotypes.
In addition to the parameters already defined, there are two additional parameters in the main model (table 1; the parameter k is not used in the main model). The parameter f quantifies the amount of pollen flow from the selfer to the outcrosser. Values of f are such that the proportion of pollen from the selfing species in the outcross-pollen pool of the outcrossing species is f=(1 1 f).
I also assume that pollen production is costly in terms of seed production. Specifically, I let d equal the cost of the pollen production in CC individuals, such that the fraction of fertilized ovules developed by CC individuals is W CC p 1 2 d. Then the corresponding fraction of ovules for Cc and cc individuals are 1 2 gd and 1 2 bd, respectively. Finally, I represent inbreeding depression (ID) by l, so that the viability of selfed seeds, relative to outcrossed seeds, is 1 2 l.
Two aspects of this model are not generally captured by previous models of the evolution of reinforcement. One is that reduced hybrid fitness (in the form of fertility reduction) is restricted to reproduction through one sex (male; but see Kelly and Noor 1996) . Moreover, to the extent that resources saved by reduced pollen production can be rechanneled into increases in seed production, hybrids may exhibit an increase in female fitness. Intuitively, this effect would likely reduce the strength of reinforcing selection compared to situations in which both sexes are affected equally. The second unique aspect of this situation is the presence of variation in the mating system apart from that caused by variation at the locus that is the target of reinforcing selection. Specifically, previous models of reinforcement evolution assume that all individuals are outcrossing, whereas in the model presented here there are both outcrossers and selfers in the evolving population and the mating system and assortative mating are controlled by different loci. Details of the model are given in the appendix (available online). Here I provide a general outline of the ordering of events in the model. Each run starts with the selfing species fixed for alleles a, b, c, and d, while the outcrossing species is fixed for alleles a, B, C, and D. This initial genetic differentiation reflects the evolution of the selfing syndrome (alleles c and d) as well as divergence in allopatry of alleles at the target locus due to drift. The allele A (discriminating) is then introduced at a frequency of 0.0025 into the outcrossing population.
Subsequently, in each generation, events occur in the following order: (1) The generation starts with a 16 # 16 matrix of zygote genotype frequencies, Z 1 . Each element of this matrix reflects the proportion of zygotes that were formed by a male gamete of one of the 16 possible gamete genotypes and a female gamete of one of those genotypes. (2) From this matrix, the frequencies of the 16 gametes in the outcrosspollen pool, p 1 , are calculated on the basis of Mendelian segregation (with or without linkage), adjusted for the effects of differential pollen production by C-locus genotypes. (3) Pollen-pool gamete frequencies are adjusted for gene flow from the selfing species, producing a new set of outcrosspollen-pool gamete frequencies, p 2 . (4) Three different outcross-pollen-pool frequencies, p 3(AA) , p 3(Aa) , and p 3(aa) , are then created. These represent the effective pollen pools available to each female of a particular A-locus genotype. They are created by excluding the appropriate proportion (1 2 v 1 , 1 2 v 2 , and 0 for AA, Aa, and aa maternal plants, respectively) of pollen carrying the b allele. (5) Genotype frequencies of pollen recipients, F, are calculated by adjusting the initial zygote genotype frequencies for the effects of cost of pollen production. (6) Ovules on recipient plants are divided into those that are selfed and those that are outcrossed, on the basis of genotype at the D locus. (7) Outcrossed ovules are divided into three sets according to A-locus genotype, and the gamete frequencies are calculated for each set on the basis of Mendelian segregation (with or without linkage). (8) Zygote genotype frequencies Z 2(AA) , Z 2(Aa) , and Z 2(aa) , are calculated for each of the three sets of outcrossed ovules by combining gametes randomly with pollen from the corresponding outcross-pollen pool. (9) Selfed ovules are combined randomly with gametes from their own pollen, with the restriction that the probability of accepting a gamete carrying a b allele is specified by v 1 , v 2 , and 1 for ovules produced by AA, Aa, and aa individuals, respectively, to produce a set of zygote frequencies for selfed ovules, Z 2(selfed) . (10) The new set of zygote genotype frequencies, Z 2 , is calculated by combining the outcross zygote frequencies with the selfed zygote frequencies in proportions (1 2 x)=[(1 2 x) 1 (1 2 l)x] and x(1 2 l)=[(1 2 x) 1 (1 2 l)x], respectively, where x is the fraction of all ovules that were selfed in the population. This weighting by (1 2 l) adjusts for inbreeding depression, which is assumed to affect survival.
Each trial involved iteration of steps 1-10 for a maximum of 35,000 generations for a particular combination of parameter values. Runs were terminated before 35,000 generations if the frequency of allele A exceeded 0.95 (fixation) or fell below 0.000001 (elimination). Similarly, if the change in the frequency of A was less than 0.000001 per generation, the trial was also terminated. Runs were performed in sets. In set I, there was no linkage between any of the pairs of loci, and all 546,750 combinations of the parameters were run. In sets II-VII, one pair of loci was linked, with r p 0:1, and all other pairs were unlinked; these sets corresponded to linkage between A and B, A and C, A and D, B and C, B and D, and C and D, respectively. In each set, only one value of the cost of pollen production (0.1) was used, giving 182,250 outcomes per set. Finally, in set VIII the effect of pollen discounting was assessed. In all other sets of runs, it was assumed that there was no pollen discounting, that is, that only a very small fraction of pollen produced by selfers was used for selfing and the remainder was exported for outcrossing. By contrast, in set VIII, a proportion equal to (1 2 k) was used for selfing and unavailable for outcrossing, with k and other parameters taking on values indicated in tables 1 and S1 (tables S1-S4 available online).
Analysis of Output of Main Model
The output of set I runs consists of allele frequencies at the four loci for each of 546,750 points, each point corresponding to a unique combination of values at each of eight parameters. To evaluate the effect of changing an individual parameter on the extent and likelihood of reinforcement, I adopt two approaches. The first approach, which I term the "constant-parameters analysis," selects one parameter as the focal parameter and then for each combination of the remaining parameters determines how the equilibrium frequency of the A allele changes as the focal parameter varies. The second approach to assessing how changing parameters affects the likelihood of reinforcement, which I term the "subset analysis," is to determine the effects of varying parameter values on the size of the region of parameter space corresponding to either complete or partial reinforcement. For this analysis, I calculated two sets of parameters. For each value, P i (i p 1, 2, :::, n, where n is the number of distinct values), of a particular (focal) parameter, there is a set, q i , of combinations of values of the other parameters that yield reinforcement, and the number of such combinations is N i . Consider first the situation of N i21 1 N i . One set of parameters is the proportion of combinations for P i that are also combinations for P i21 , which I designate p i . Alternatively, when N i21 ! N i , p i is the proportion of combinations for P i21 that are also combinations for P i . The second set of parameters, which I designate h i , is given by
Interpretation of these parameters is as follows (I assume N i21 1 N i ; the interpretation is analogous for N i21 ! N i ): if p j p 1, then all the elements of q j are within q j21 . Because N j21 1 N j , q j21 contains elements that are not present in q j , and so q j21 occupies a larger portion of parameter space than q j . The parameter h i is an index of this proportional expansion. Technically, it is the factor by which the number of sampled points in parameter space that yield reinforcement increases in moving from focal parameter value P i to P i21 . Because discrete points in parameter space are sampled and for some parameters values are not evenly spaced, this index is not exactly equal to the ratio of the regions of parameter space yielding reinforcement for the two parameter values. However, this ratio should be monotonically related to h i . I interpret this expansion of the region corresponding to reinforcement as an indication that reinforcement is more likely to occur with focal parameter value P j21 than with P j .
By contrast, interpretation is less clear if p i ! 1. In this situation, there are combinations in q i that are not in q i21 (for N i21 1 N i ). Moving from P i to P i21 then means that while the region of parameter space in which reinforcement occurs may increase in size (there may be an increase in the number of combinations of values of other nonfocal parameters), the region also shifts. If different parameter combinations have different probabilities of being realized in a real population, then a shift that excludes highly probable combinations may actually decrease the likelihood of reinforcement, even if the size of the region associated with reinforcement increases. When this effect is small (i.e., p i ≈ 1), then it seems likely that the expansion of the reinforcement region will mean an increase in the likelihood of reinforcement occurring, especially when h i ≫ 1, which indicates a large expansion of the region of parameter space leading to reinforcement in going from P i to P i21 . However, this is less certain if p j ≪ 1. This type of subset analysis was also used to determine whether linkage increases the size of the region of parameter space leading to reinforcement.
Single-Locus Mating-System Model
In analyzing the main model and the model with pollen discounting, I found that inbreeding depression (ID) and pollen discounting play a prominent role in determining whether selfing fixes, precluding the evolution of reinforcement (see below). To help understand this effect, the behavior of these models is compared to a single-locus model of the effects of ID and pollen discounting on the evolution of increased selfing. The model, presented in the appendix, represents a special case of the model by Holsinger et al. (1984) , where discounting rates of DD, Dd, and dd (their 1 2 d i ) are 0, 1 2 s 1 sk, and 1, respectively. I adopt these values because they were used in the four-locus models. For a given value of ID and a given value of s, k values were systematically altered to determine the boundary between the set of k values that caused fixation of allele d and the set of values that did not. All combinations of s (selfing rate of Dd ) and ID were examined, with s ∈ f0, 0:5, 1g and ID ∈ f0:1, 0:15, 0:2, :::, 0:45, 0:5g. Values above 0.5 for ID were not considered because in this circumstance d is eliminated regardless of the value of k. Analysis of the model thus reveals the regions of the (s, k) parameter space for which selfing is or is not fixed.
Results
Set I Runs: No Linkage or Pollen Discounting
Among the runs without linkage or pollen discounting, several different qualitative outcomes occurred ( fig. 1) . In some runs, discrimination became fixed ( fig. 1a) , representing complete reinforcement. There were initial transient declines in the frequency of the target allele B, the pollen production allele C, and the outcross allele D due to gene flow from the selfing species, but these were reversed as the level of discrimination increased and hence the level of gene flow decreased; eventually, alleles B, C, and D became fixed or nearly fixed. Mirroring the transient decline in D, there was a transient increase in obligate selfers (dd individuals).
A second type of outcome was a stable polymorphism at all four loci ( fig. 1b) , with a fraction of individuals constituting a subpopulation of selfing individuals. This outcome represents progress in the direction of increased prezygotic isolation (incomplete reinforcement).
A third type of outcome was a stable polymorphism at the selfing locus, D (fig. 1c) . Alleles A, B, and C are eliminated, yielding a population that does not discriminate and produces little pollen. In these cases, reinforcing selection is not strong enough to counteract the homogenizing effects of gene flow. This polymorphism at the D locus persists because of a balance between gene flow and inbreeding depression: a polymorphism can persist only when inbreeding depression is greater than or equal to 0.5.
A final type of outcome was elimination of the A, C, and D alleles and persistence of a polymorphism at the B locus ( fig. 1d ). This occurred only when inbreeding depression was less than or equal to 0.5 (see below). In this situation, inbreeding depression is insufficient to prevent the completely selfing dd genotype from fixing, and the population becomes composed completely of selfers. The frequency of allele B, which is a neutral marker, initially declines as allele b is introduced by one-way migration into the population, but it stabilizes when the entire population becomes selfing because there is no longer any migration into the population (migrant pollen does not pollinate ovules of dd individuals).
Among all runs, the evolution of increased discrimination occurred in only a small portion of parameter space. A total of 8,887 runs out of 546,750, or 1.6%, resulted in an equilibrium at whichp A was greater than 0.1. Of these, 7,721 (86.9%) hadp A 1 0:5 and 3,541 (39.8%) hadp A 1 0:95 ( fig. 2a) . A subpopulation of selfing (dd) individuals was absent in about 68% of these runs and only in a very small fraction exceeded 10% of the total population ( fig. 2b, 2c ).
Effects of Parameter Variation
A major factor influencing whether at least partial reinforcement occurred was the magnitude of inbreeding depression, l. Partial or complete discrimination evolved only if l 1 0:5 (table 2) . By contrast, fixation of allele d (p D ≤ 0:05), which produces a population consisting entirely of selfers, occurred only when l ≤ 0:5 (table 3) . These results indicate that the evolution of reinforcement and fixation of d were mutually exclusive.
To determine how changing the value of a focal parameter affects the extent of reinforcement, as reflected in the equilibrium frequency of the discriminating allele A (p A ), I performed a constant-parameters analysis for each parameter. Because allele A is eliminated whenever l ≤ 0:5, these analyses were restricted to parameter combinations for which l 1 0:5. For each parameter analyzed as the focal parameter, in a vast majority of the combinations of the other parameters, changing the value of the focal parameter had no effect onp A (table 4, category 1), with elimination of A occurring for all values of the focal parameter. When changing the value of the focal parameter does have an effect, many of the parameters exhibit a consistent trend. For example, for v 1 , v 2 , and b, increasing the value of the parameter always decreasesp A . The relatively few parameter combinations that for v 2 fall into category 5 are actually consistent with this pattern, in that as v 2 initially increases, there is a very small increase inp A followed by a marked drop to 0 as v 2 increases further. Parameters w, s, l, and d also show dominant trends when changing their values altersp A : the dominant category accounts for at least 95% of the combi-nations in categories 3-5 (table 5). Increasing w and d tends to decrease the extent of reinforcement, while increasing s and l tends to increase the extent of reinforcement. Finally, the effect of increasing f is ambiguous: in 68% of combinationsp A increased, whilep A decreased in 30% of the combinations.
The subset analyses, which ask whether changing a parameter value expands or contracts the region of parameter space in which reinforcement occurs, yield similar results. For l 1 0:5, the set of all combinations of other parameters that produce reinforcement for a particular value of l is always a proper subset of the analogous set corresponding to a larger l value (table S2; all p i p 1). Thus, increasing l expands the region of parameter space in which reinforcement occurs. Although this result cannot be portrayed visually in a single graph because the parameter space (excluding l) has eight dimensions, points for runs that result in partial or complete reinforcement can be projected onto two dimensions for different pairs of parameters. Examples of such plots show that for l p 0:6, there are more combinations of parameter values resulting in partial or complete reinforcement than for l p 0:55; and, similarly, for l p 0:55 there are more combinations of parameter values than for l p 0:51 ( fig. S1 ; figs. S1, S2 available a b c d online). In particular, as l increases, the region of parameter space producing partial or complete reinforcement expands to include greater values of v 1 , v 2 , and b. In other words, increasing inbreeding depression allows reinforcement to occur with less discrimination and with greater pollen production by cc individuals. For v 1 , v 2 , and b as focal parameters, the set of other parameters producing reinforcement for a particular value of the focal parameter is a proper subset of the analogous set for a smaller value of the focal parameter (tables S2, S3; all p i p 1). Decreasing these focal parameters thus expands the region of parameter space in which reinforcement occurs and thus makes reinforcement more likely. Decreasing the parameters w (pollen production by Cc individuals) and d (cost of pollen production) expands the region of parameter space in which reinforcement occurs (tables S2, S3; fig. S2 ). Although some of the p i deviate from 1.0, the deviations are very small (all p i ≥ 0:99); because most of the corresponding h i are substantially greater than 1.0, it is likely that the corresponding expansion of the region of parameter space yielding reinforcement would translate into an increased likelihood of reinforcement evolving.
The situation with f and s is less clear. For s, while increasing s leads to a greater number of other-parameter combinations that lead to reinforcement, many of the p i are less than 1.0, with the lowest being 0.947, which indicates a shift in that region as well (table S2) . For f, there is a clear interaction with d: for d p 0:01 and 0.1, increasing f leads to a decrease in the number of combinations producing reinforcement, while for d p 0:5, it leads to an increase in the number of combinations (table S2) . Moreover, the p i are as low as 0.862, indicating a shift in the region of parameter space leading to reinforcement, as well as a contraction.
In summary, increases in inbreeding depression (increases in l), increases in discrimination (decreases in v 1 and v 2 ), and decreases in pollen production by cc and Cc individuals (decreases in b and w, respectively) lead to substantial expansions of the region of parameter space in which reinforcement is favored, with little or no shift in that region, and overwhelmingly lead to an increase inp A . These parameter changes thus tend to favor stronger reinforcement. By contrast, although increases in selfing by Dd individuals (s) and decreases in gene flow (f) generally lead to expansion of the number of parameter combinations that produce reinforcement, these changes also shift the set of such combinations, making interpretation of these effects difficult.
Sets II-VII: Runs with Linkage Disequilibrium
For all pairs of loci except AB, moderate linkage (r p 0:1) increases the number of runs that lead to either complete or partial reinforcement compared to the unlinked case, with increase factors (h) ranging between 1.07 and 3.03 (table 2) . Moreover, for these pairs of loci, almost all of the parameter combinations leading to reinforcement in the runs without linkage are contained within the corresponding set of runs with linkage (i.e., p i ≈ 1:0; table 2). Consequently, linkage increases the region of parameter space leading to reinforcement. By contrast, when loci A and B are linked, the number of parameter combinations yielding reinforcement is actually reduced compared to the unlinked case (table 2) .
Set VIII: Runs with Pollen Discounting
In all runs described above, there was no pollen discounting, that is, the pollen-discounting parameter, k, which is the fraction of pollen produced by selfers (dd) that is exported to the pollen pool, was set to 1. To ascertain the effects of pollen discounting, I examined cases in which k was allowed to be less than or equal to 1. The combinations of other parameter values used are listed in table S1. As in the previous simulations without linkage, in the absence of pollen discounting (k p 1) only a small fraction of runs resulted in an increase in the frequency of the discriminating allele (A) either to above 0.1 (86 of 4,050 runs [2.1%]) or to fixation (p A 1 0:95; 46 of 4,050 runs [1.1%]; table 5). However, increasing pollen discounting (decreasing values of k) led to a marked increase in these percentages, such that with 90% discounting (k p 0:1), the corresponding percentages were 32.0% and 12.6% (table 5), increases of over an order of magnitude. Moreover, p i values for k are all 1.0 (table 6), indicating that all parameter combinations leading to reinforcement for a particular value of k are contained in the analogous combinations for the nextlower value of k. Decreasing k (increasing pollen discounting) thus enlarges the region of parameter space in which reinforcement occurs.
Whether reinforcement can evolve depends on the combined values of inbreeding depression (ID) and pollen discounting ( fig. 3 ). In particular, if ID or pollen discounting are too low (low ID, high k), selfing (the d allele) always fixes, precluding the evolution of reinforcement in the outcrossing population (black bubbles in fig. 3 ). By contrast, when ID or pollen discounting is high, the fixation of selfing is precluded Note: "Unlinked (entire)" is for runs with all loci unlinked and all values of cost of pollen production. "Unlinked (cost p :1)" is for runs with all loci unlinked and with cost of pollen production p 0:1. "Linked loci" indicates which loci were linked with r p 0:1. The h column indicates the ratio of numbers in the "Total" column to the corresponding ratio for unlinked (cost p 0:1). The p column indicates the proportion of parameter combinations for unlinked runs that are also in the combinations for the indicated linked runs.
and, for some combinations of parameters, discrimination increases in frequency and can become fixed (red bubbles in fig. 3 ). Moreover, increasing pollen discounting decreases the minimum ID that permits reinforcement. Conversely, increasing inbreeding depression decreases the minimum amount of pollen discounting that permits reinforcement. Finally, for all cases, the parameter combinations corresponding to a particular (k, l) that yield reinforcement are all contained within the set of such combinations corresponding to all (k ) is greater than the number of such combinations for (k, l; table S4). In terms of figure 3, this means that all the combinations corresponding to a particular red bubble are contained among the combinations corresponding to any larger red bubble. This also means that within the region of (k, l) space in which reinforcement is possible (the region occupied by the red bubbles in fig. 3 ), increasing l and/or decreasing k expands the region of the total parameter space in which reinforcement can occur.
Single-Locus Mating-System Model
To check the performance of the main model, I compared its predictions for invasion and fixation of the d allele with analytical predictions provided by Holsinger et al. (1984) . These authors showed that when there is no gene flow (f p 0), when s ≈ 0 or s ≈ 1 (selfing rate of heterozygote dominant or recessive), the criterion for invasion and fixation is l ! k=2. For both the single-locus model and the four-locus main model with no selection on loci A, B, or C (v 1 p v 2 p b p g p 1), I obtained this result for s p 0, 0.5, and 1 with my model (fig. S2 ). In this situation, when l 1 k=2, d is eliminated.
When gene flow is allowed (f p 0:05), the single-locus model and the four-locus model with no selection produce the same boundaries between fixation and nonfixation of d (fig. S2 ). Compared to the situation with f p 0, these boundaries are raised by different amounts, depending on the dominance of allele d (fig. S2 ). This change is expected because gene flow into the population effectively raises the fitness of the d allele. In turn, this means that the amount of inbreeding depression (ID) needed to prevent invasion and fixation increases. The amount by which the critical level of ID is raised is greatest for s p 1, less for s p 0:5, and least for s p 0 ( fig. S2 ). This is because selection favoring D is strongest when D is completely dominant (s p 1), so a larger value of ID is needed to overcome that selection and fix allele d. In contrast to the situation with f p 0, in this case when (k, l) lies above the boundary line, the D locus remains polymorphic because while the d allele tends to be eliminated by selection, it is reintroduced each generation by gene flow. The frequency of d thus reflects a balance between selection and gene flow.
Most importantly, all combinations of ID and discounting in the main model with selection that led to fixation of d occurred below the boundaries for f p 0:05, while all runs that led to reinforcement (increase in frequency or fixation of allele A) occurred above these boundaries ( fig. 3) . Because the boundaries are predicted by the single-locus model, this result suggests that whether reinforcement occurs is to a great extent dependent on the dynamics of increased selfing, which in turn depends only on the properties affecting selection on the D locus, specifically the magnitudes of ID and pollen discounting. When a selfing population evolves (allele d is fixed), it precludes the evolution of reinforcement. Only when d fails to fix is reinforcement possible, though it is not guaranteed.
Discussion
Overview of Results
Models of reinforcement generally assume that hybrids between nascent species have reduced fitness without specifying the causes of that reduction. Intrinsic genetic incompatibilities (e.g., Bateson-Dobzhansky-Muller incompatibilities) may of course contribute to postzygotic isolation. As pointed out by several authors, however, reduced hybrid fitness can also be due to ecological mismatch between hybrids and the environment (Rice and Hostert 1993; Coyne and Orr 1998; Schluter 1998) , and the diversity of ecological situations that can generate such a mismatch has been largely unexplored (Ortiz-Barrientos et al. 2009 ). In this analysis I have explored the extent to which one such ecological scenario can facilitate reinforcement: gene flow from a highly selfing species exhibiting the selfing syndrome to an outcrossing species. Intuitively, I expected that with reduced pollen production in the selfer (an aspect of the selfing syndrome), gene flow would produce hybrid genotypes in the outcrossing population with reduced male outcross fitness, which intuition suggests could select for reinforcement. The objective of this analysis was to determine whether this type of reinforcement can occur and, if so, under what conditions.
The analyses presented here indicate that the evolution of reinforcement is possible. However, in a model without linkage and without pollen discounting, reinforcement evolved in only a small fraction of the parameter space. Specifically, an increase in the frequency of the discriminating allele A to at least 0.1 occurred in only 1.6% of the parameter combinations, while effective fixation of A (a final frequency of 10.95) occurred in only 0.65% of the combinations.
An argument could be made that one should consider only situations in which inbreeding depression and pollen discounting are sufficient to prevent the evolution of selfing. If this criterion were not met in an outbreeding population, it is likely that a selfing mutant would arise and become fixed, thus eliminating outcrossing before secondary contact between the selfing and outcrossing species. This becomes especially likely because populations of selfincompatible species often exhibit a low frequency of selfcompatible mutants (Raduski et al. 2012; Baldwin and Schoen 2016) . Under this argument, the fractions of parameter combinations leading to reinforcement would approximately double those cited above but would still constitute a very small fraction of parameter space. From this small fraction, one might conclude that this type of reinforcement is unlikely to occur in nature.
Of course, such an inference assumes that all parameter combinations are equally probable in nature. However, we know for some parameters that this will likely not be true. For example, based on studies of pollen-ovule ratios in selfers and related outcrossers (e.g., Cruden 1977), b (pollen production of selfers as a proportion of outcrossers) can often Note: pi is the proportion, for focal parameter value Pi, of all combinations of other (nonfocal) parameters that meet the criterion for reinforcement (p A ≥ 0:95 orp A ≥ 0:1) that are also found in the combinations for P i21 (if the number of such combinations is greater for P i21 ) or in P i11 (if the number of such combinations is greater for P i11 ). A value of 1.0 indicates that the set of combinations for P i is a proper subset of the set of combinations for P i21 (or P i11 ) and consequently that the change in parameter value from P i to P i21 (or to P i11 ) increases the region of parameter space in which complete or partial reinforcement occurs. N i is the number of combinations of other parameters that meet the criterion,p A ≥ 0:95 orp A ≥ 0:1. h i is N i21 =N i for N i21 1 N i and N i =N i21 for N i21 ! N i , a measure of the expansion of parameter space in going from a parameter value with smaller Ni to a parameter value with larger Ni. Example: for l p 0:2 and the criterionp A ≥ 0:95, there were 76 combinations of other parameters that led to reinforcement. The p i value of 1.0 for l p 0:2 indicates that all of the 76 combinations of other parameters were also found in the 159 combinations for l p 0:3. Thus, an increase in l from 0.2 to 0.3 results in an increase in the region of parameter space in which complete reinforcement occurs. The value of h p 2:09 for l p 0:2 indicates that the number of combinations leading to reinforcement when l p 0:3 is 2.09 times the number of combinations for l p 0:2. The total number of parameter combinations examined for each value of the focal parameter is 4,050. be less than 0.05. Since my model indicates that such small values of b make reinforcement more likely, the above numbers likely underestimate the chances of reinforcement. Similarly, the magnitude of inbreeding depression in outcrossing plants is often substantially greater than the minimum value of 0.5 that my model indicates must be exceeded to prevent the evolution of selfing and allow reinforcement (Husband and Schemske 1996; Winn et al. 2011 ). This increased likelihood of large l values would also tend to make reinforcement more likely than the above numbers suggest. Factors facilitating reinforcement include large differences in pollen production, large effects of the discrimination allele, a low cost of pollen production, and high selfing rates for individuals heterozygous at the locus (D) affecting selfing. In addition, inbreeding depression greater than 0.5 is a necessary condition for reinforcement, with the probability of reinforcement increasing with the magnitude of inbreeding depression.
The small portion of parameter space that yields reinforcement in this model is easily understood from previous theoretical work. The evolution of reinforcement is similar to speciation with gene flow, in that both processes involve the evolution of increased prezygotic isolation. In models of these processes, the evolution of increased isolation is usually difficult because of an antagonism between recombination and selection for isolation: selection establishes linkage disequilibrium (LD) between discrimination (or preference) loci and fitness loci that have diverged between the species, while recombination breaks down this LD (Maynard Smith 1966; Felsenstein 1981; Gavrilets 2003; Servedio et al. 2011) . When loci are unlinked, recombination is usually sufficient to prevent the establishment of the LD that constitutes the evolution of reinforcement.
By contrast, linkage between the discrimination and fitness loci lessens the effectiveness of recombination and is thus expected to increase the likelihood of reinforcement (Gavrilets 2003; Servedio et al. 2011 ). This expectation was realized to some extent in our analyses with linkage. Specifically, moderate linkage (r p 0:1) between the discrimination locus (A) and the fitness locus (C) expanded the region of parameter space in which reinforcement occurred by 2.3-fold. Interestingly, linkage between other pairs of loci had the same effect. Nevertheless, these increases are modest and still mean that reinforcement occurs only in a small region of parameter space.
Pollen discounting potentially has a marked effect on the likelihood of reinforcement occurring. In particular, with both substantial inbreeding depression and strong pollen discounting, the region of parameter space yielding reinforcement increases more than 10-fold, compared to a situation without discounting. Although even under these circumstances less than 35% of parameter combinations examined produced partial reinforcement and less than 15% produced complete reinforcement, I conclude that in systems that exhibit pollen discounting, the evolution of reinforcement is not extremely unlikely.
Reinforcement Is Caused by Indirect Selection
Selection acts at different stages of the life cycle on loci B, C, and D but not directly on locus A. Because the evolution of reinforcement is manifested in an increase in allele A, this means that selection must act indirectly on locus A. In particular, selection on the other loci is transmitted to locus A through linkage disequilibrium (LD) between A and the other loci. Positive LD between all pairs of loci is generated by continual gene flow from the selfing species. Therefore, selection that acts to increase the frequencies of alleles B, C, or D will also increase p A and thus cause reinforcement.
Reinforcing selection is selection on discrimination generated by reduced fitness in hybrids. In the models examined here, reinforcing selection is generated by selection on locus C, which results from the reduced pollen production in hybrids. Differential pollen production favors an increase in allele C, which produces more pollen. The cost of pollen production acts to reduce the magnitude of this selection, though as long as the cost of producing one additional pollen grain is less than 1 fewer seed (a reasonable assumption), net selection at this locus will favor the C allele. Because of the LD between loci A and C, this selection will cause a correlated increase in the frequency of the discrimination allele A.
Decreasing b and w (decreasing pollen production by Cc and cc individuals, respectively) increases the magnitude of selection at the C locus and thus increases the magnitude of indirect selection favoring allele A. Decreasing b and w also expands the region of parameter space yielding reinforcement, indicating that stronger reinforcing selection tends to promote reinforcement. The magnitude of this expansion is greatest for low costs of pollen production (d); this is explained by the effect of these costs in reducing the magnitude of net selection at the C locus.
Also contributing to an increase in discrimination is selection on locus B, which is a type of sexual selection that is generated by the interaction between the target locus B and the discrimination locus A. AA ovules, and Aa ovules when a is not recessive, discriminate against pollen carrying the b allele. This effect increases p B in the successful pollen, compared to the pollen pool as a whole. Because of the positive LD between loci A and B, p A is also increased in the successful pollen. Although this selection is not reinforcing selection, it is an additional component of selection that acts to favor discrimination, and it explains why increasing discrimination by decreasing v 1 and v 2 increases the region of parameter space in which reinforcement takes place.
Trade-Off between Pollen Discounting and Inbreeding Depression
Although the region of parameter space producing reinforcement increases with both the magnitude of inbreeding depression and the magnitude of pollen discounting, there is also a trade-off between these two effects. As embodied in figure 3 , the minimum inbreeding depression that is required for reinforcement increases as pollen discounting decreases. This trade-off is not surprising; it has been found in previous models of mating-system evolution (e.g., Holsinger et al. 1984; Harder and Wilson 1998) . These models show that in the absence of pollen discounting, inbreeding depression above a critical value prevents the evolution of selfing. Conversely, in the absence of inbreeding depression, the automatic advantage of selfing originally demonstrated by Fisher (1941) is eliminated if there is complete pollen discounting. Between these two extremes, combinations of pollen discounting and inbreeding depression can prevent the evolution of selfing. Given that in the model presented here reinforcement can evolve only if the evolution of selfing is prevented and that conditions for the evolution of selfing conform to those of a single-locus matingsystem model, it is not surprising that a trade-off between inbreeding depression and pollen discounting is involved in determining whether reinforcement will evolve.
Selfing and Reinforcement
The most common outcome in the models presented here is the fixation of selfing. It has been argued that the evolution of selfing can in some circumstances be caused by reinforcing selection (Antonovics 1968; Epinat and Lenormand 2009; Lenormand 2012 ). However, this does not appear to be the case in my models. Instead, selfing evolves primarily because of its inherent transmission advantage (Fisher 1941) , as is seen in many models of mating-system evolution (Charlesworth and Charlesworth 1979; Holsinger et al. 1984) . Other sources of selection on the selfing locus, D, act indirectly through positive linkage disequilibrium with loci B and C. However, direct selection on these two loci always favors the B and C alleles, at least when d is at low frequency, which would tend to favor allele D through correlated effects and prevent d from increasing. Because these effects would oppose the evolution of selfing, the inherent transmission advantage is the only type of selection that can lead to an initial increase in the frequency of d. And because this selection is not generated by reduced hybrid fitness, the evolution of selfing in this model should not be considered reinforcement.
More generally, my results show that the criterion for whether selfing fixes or is eliminated or held to low frequency conforms to the criterion for a single-locus model of the evolution of increased selfing, that is, fixation occurs if a combination of inbreeding depression and pollen discounting does not exceed a threshold value ( fig. 3) , with selfing held at a low level or eliminated otherwise. This conformity of criteria suggests that the indirect selection on locus D through selection on loci B and C is typically very weak and thus has little effect on whether selfing evolves, regardless of whether the combination of inbreeding depression and pollen discounting favors or disfavors its evolution.
When selfing becomes fixed or nearly fixed, allele A fails to increase in frequency, allele C becomes eliminated or nearly so, and allele B may remain polymorphic. Elimination of C occurs because in a selfer, it has a higher cost of pollen production but no advantage to producing more pollen, compared to the other genotypes at the locus. Two factors probably contribute to causing allele A to remain at low frequency: (1) selfing evolves rapidly, and when it is fixed, variation at the A locus becomes neutral because there is no fitness consequence of variation in discrimination among self-pollen types; and (2) there may be a weak component of indirect selection against allele A due to positive linkage disequilibrium with the C locus, at which allele C is disfavored. Finally, allele B initially declines because of both gene flow and indirect selection favoring allele d. Once selfing has fixed, however, variation at locus B becomes neutral because the lack of any substantial variation at the A locus means that there is no longer any sexual selection acting on the B locus. Consequently, except for genetic drift, frequencies at locus B no longer change. These patterns explain why when selfing becomes fixed, evolution of discrimination, and hence reinforcement, is prevented.
Caveats and Limitations
One of the main potential limitations of this model is that it does not include the possibility of purging of deleterious alleles, and thus the magnitude of inbreeding depression remains constant. While several authors have produced models of selfing-rate evolution that allow purging to be included (e.g., Kondrashov 1985; Charlesworth et al. 1990; Porcher et al. 2009; Kamran-Disfani and Agrawal 2014) , it is not clear how to incorporate these approaches into a model, like ours, that already has three loci, in addition to that specifying the selfing rate, without making it unwieldy. Intuitively, I would expect purging to increase the portion of the parameter space in which a completely selfing population evolves and thus decrease the likelihood of reinforcement. However, determining the magnitude of this effect must await analysis of morecomplex models.
A second possible limitation is that the A allele was introduced into the population essentially very soon after secondary contact occurred between the selfing and outcrossing incipient species. An alternative approach would have been to introduce the allele only after the outcrossing population had reached equilibrium at the other three loci. At such an equilibrium, however, in both the selfing and outcrossing incipient species the b allele at the target locus would be fixed, because of the absence of selection on that allele and gene flow from the selfing to the outcrossing species. There would therefore be no target allele B for the discriminating genotypes to favor, preventing the evolution of reinforcement. Another alternative approach would be to assume that the B locus experiences disruptive selection, as is true for many other models of reinforcement (e.g., Servedio and Kirkpatrick 1997; Servedio 2000) . However, I did not adopt this approach because I did not want this disruptive selection to contribute to reinforcement and thus be confounded with the effect of differential pollen production. This limitation essentially means that the model assumes that the discrimination allele A is present as standing variation upon secondary contact or arises very soon thereafter. When the populations of both incipient species are large in the area of sympatry, this is probably not an unreasonable assumption. In addition, if the B locus is linked to either the C or the D locus, the consequences of this limitation are reduced. This is because selection at the C locus, and at the D locus when allele d is disfavored, will cause reduction in fitness of the b allele, thus slowing or preventing an increase in the frequency of b due to gene flow.
A final issue not addressed by this analysis is whether, once partial reinforcement (an increase in the frequency of A without fixation) evolves, additional reinforcement would be favored if additional discriminating alleles arose at either the A locus or some other locus. My intuition suggests, for example, that a novel allele at the A locus with reduced v 1 or v 2 (greater discrimination by homozygotes or heterozygotes, respectively) would likely invade and increase the average level of discrimination. Again, however, this conjecture can be examined only by using more-complex models.
